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(Received 7 March 1952) Lynen & Neciullah (1939) , Lynen (1942 Lynen ( , 1943 , Weinhouse & Mflington (1947) and Martius & Lynen (1950) have put forward the view that the tricarboxylic acid cycle represents the main pathway of oxidation of acetate in yeast cells. This hypothesis was based on the observation that the intermediary stages of the cycle can occur in yeast preparations and that the oxidation of isotopic acetate leads to the formation of isotopically labelled citrate and succinate, the isotope being in the positions expected on the basis of the hypothesis. The validity of the evidence has been questioned (Krebs, 1949 (Krebs, , 1950 because of the very low rate at which some of the intermediates of the tricarboxylic acid cycle are metabolized.
Isotope experiments and other results reported in this paper showthat acetate can be oxidized in yeast cells through a mechanism other than the tricarboxylic acid cycle, or a dicarboxylic acid cycle such as postulated by Foster et al. (1949) . At the same time the occurrence of the component reactions of the tricarboxylic acid cycle in yeast cells is confirmed. Reasons are put forward in support of the view that in yeast cells the reactions of the tricarboxylic acid cycle serve to supply intermediates for synthetic processes but may not primarily be concerned with the production of energy.
Permeability barriers, and the inability to prepare respiring yeast extracts, present obstacles to experiments on the intermediary metabolism of yeast celLs. In intact cells the rate of penetration of the di-and tri-carboxylic acids is negligible compared with the rate of respiration, but Dixon & Atkins (1913) and have shown that the permeability barriers can be overcome by exposing the cells to the temperature of liquid air or liquidnitrogen. Althoughcold-treatmentsomewhat reduces the activity of the oxidative enzymes, a considerable proportion of the oxidizing activity remains if the cold-treatment is carried out under suitable controlled conditions. The first part of this paper is concerned with the study of the properties of cold-treated cells, the second with the application of the isotope technique to the study of oxidative processes in such cells.
METHODS AND RESULTS
The great majority of the experiments was carried out on baker's yeast supplied by the Standard Yeast Co. Ltd., but some were repeated with pure cultures of Fleischmann's yeast. This was grown at 250 in Roux bottles on medium containing 10 ml. yeast extract (prepared by heating baker's yeast with an equal volume of water to 100°for 30 min. and filtering), 1 g. glucose, 2 g. casein hydrolysate ('Pronutrin') and 2 g. agar in 100 ml. The gas exchange was measured manometrically in conical Warburg manometers at 25°u nless otherwise stated. In all aerobic experiments the gas space of the manometer vessels contained 0°and the centre well 0-2 ml. 2N-NaOH to absorb CO2. Solid C0,, henceforth referred to as 'dry ice', was used in most experiments for cold-treatment.
Oxi&ttion of various substrates by frozen cell8. Baker's yeast which had been stored in the refrigerator was crumbled into small pieces and thoroughly mixed, and left in contract for 20 min., with an excess of dry ice. On thawing, the yeast became liquid; it was suspended in 40 parts of 0-133M-phosphate buffer, pH 6-5. Each manometer vessel contained 3 ml. yeast suspension in the main compartment and 1 ml. 0-1 M-substrate solution in the side arm. The substrate was added after an equilibration period of 10 min. The 02 uptake for the periods 40-60 min. and 80-100 min. after the addition of substrate is shown in Table 1 , together with comparative data for yeast not exposed to dry ice. In the untreated cells, acetate, ethanol, glucose, D-and L-lactate and pyruvate were readily oxidized. There was considerable blank respiration which was not appreciably increased by the ten other substrates tested. Cold-treatment and washing had no effect on the rate of the blank control. Acetate, ethanol, glucose, D-and L-lactate and pyruvate all increased the 02 uptake of treated cells, but the increase (for the 80-100 min. period) was not more than 25 % of that found in the fresh cells. Succinate which had no effect in the untreated cells markedly increased the 02 consumption in the frozen cells. There was no definite effect of the other nine substrates. Thus, whilst the oxidation of the substrates which are generally oxidized in yeasts is slower in the cold-treated cells, succinate, though not oxidized in untreated cells, becomes oxidizable after coldtreatment.
Dialysis for 16 hr. against running tap water had no major effect on the cold-treated yeast. The blank respiration did not appreciably decrease, nor were the rates of oxidation of acetate and succinate affected. On storage in the refrigerator the oxidative capacity fell, e.g. 50 % in 48 hr. Table 1 . Oxidation of various s&ubstrates by dry-icetreated baker's yeast (For experimental conditions see text.) O, absorbed by 4 ml. suspension (40 mg. fresh wt.) (Stl)
Demonstration of increased permeability. That the non-oxidation of fumarate and citrate in coldtreated cells is not due to permeability barriers is shown by the rapid formation of L-malate and isocitrate on addition of fumarate and citrate.
To test fumarase activity, dry-ice-treated yeast (10 g.) was twice washed with 100 ml. water and the sediment suspended in a volume of 100 ml. A sample (10 ml.) of this suspension, 15 ml. 0 1 M-fumarate, 0.5 ml. m-NaHCO3 and 4*5 ml. water were mixed and saturated with 50/ C02 + 95 % N2 (v/v) at 25°. Samples of 5 ml. were removed at intervals for polarimetric analysis. They were mixed in quick succession with 1-25 ml. acetic acid, 6 ml. water, 2-5 ml. m-sodium citrate and 11-25 ml. 29% (w/v) ammonium molybdate. After filtration, readings were taken in 2 dm. tubes (see Krebs & Eggleston, 1943 To test aconitase activitythewashed, dry-ice-treatedcells were suspended in an equal volume of water and 8 ml. of the suspension were mixed with 10 ml. M-sodium citrate, 6 ml.
water and 1 ml. M-NaHCO2 and saturated at 250 with 5 % CO. in 95 % N, (v/v) . For the polarimetry (see Eggleston & Krebs, 1949) (1947) and by Foulkes (1951) . Thus under certain conditions the two enzymes can be extracted from the cells.
Variations in freezing procedure. The effects of -freezing are not due to exposure to low temperature itself, but depend on the rate at which cooling takes place. If cells are gradually cooled by transfer first to a refrigerator (to 2°), then to a deep freeze (about -100) and, when frozen solid, to dry ice, cells are obtained which on thawing are almost in-distinguishable from untreated cells. Cooling in dry ice affects yeast cells only ifit occurs rapidly, and the effects of freezing are the greater the more sudden the temperature drop near freezing point.
The oxidation ofacetate and succinate by samples of yeast exposed to different treatments is shown in Table 2 . Sample 1 was the untreated control. Sample 2, before mixing with dry ice, was kept for 2 hr. in a refrigerator (about + 20) and transferred to a deep freeze (-100) where it was left for 4 hr. Sample 3 was kept for 3 hr. at room temperature and sample 4 was kept overnight in the refrigerator before dry-ice treatment. Samples 2-4 in addition were kept for 20 min. with an excess of dry ice, allowed to thaw and suspended in 39 vol. 0-1 Mphosphate buffer, pH 6-5, like the untreated sample. The manometer cups contained 3 ml. yeast suspension and 1 ml. In further experiments samples ofyeast were kept for 1 hr. at 60, 50, 40 and 300, respectively, before the dry-ice treatment, washed with 10 vol. of water and suspended in 19 vol. 0-M-phosphate buffer, pH 6-5. None of these samples oxidized acetate at an appreciable rate. The blank respiration and the oxidation of succinate are shown in Table 3 . Exposureto 600destroysmost ofthe oxidizingcapacity. Exposure to 500 abolishes the blank respiration almost completely but leaves the activity of the succinic-oxidase system. Exposure to 40 or 300 reduced the blank and increased the rate of oxidation of succinate. (Korkes & Ochoa, 1948; Nossal, 1952) . Reducing the pretreatment period from 60 to 30 min. made no difference, whilst heating for 120 min. slightly lowered the rate of succinate oxidation. Lynen (1943) Effect of dry-ice treatment on anaerobic reactions of baker'8 yeast. Dixon & Atkins (1913) have already shown that liquid-air-treated brewer's yeast can ferment sugars, and found that liquid-air-treated brewer's yeast, in contrast to fresh yeast (see also Smythe, 1938; Barron, Ardao & Hearoin, 1950) , readily decarboxylates pyruvate. Data on the anaerobic CO2 production by baker's yeast exposed to dry ice are shown in V01. 5I (Krebs & Johnson, 1937 (1950) who found an inhibition by malonic acid of the oxidation of pyruvic acid in acid media (pH 2.8), and also to those of Lynen (1943) who observed a malonic acid inhibition of the oxidation of acetic acid in acid media. The experiment recorded in Table 8 confirms the findings of Barron et al. and Lynen, including the high rate of oxidation of pyruvic and acetic acids in the acid medium. It is noteworthy that relatively high concentrations (0.0125M) of malonic acid are required; there was no inhibition at 0 001M-malonic acid. Added fumaric, succinic and citric acids are not appreciably oxidized by cells suspended in the acid medium, nor do these substrates affect the rnalonic acid inhibition of pyruvic or acetic acid oxidation. Lynen (1943) , in contrast, found apartial reversal by fumarate of the malonate inhibition of acetic acid oxidation.
A further study of the malonic acid effect showed that its characteristics are very different from those of the inhibition of succinic dehydrogenase. Firstly, the inhibition is irreversible. After incubation for 1 hr. the cells were centrifuged, washed once in phosphate buffer, and resuspended in the original volume. The rate of respiration with pyruvic acid was the same as before washing with pyruvic and malonic acids. Secondly, no accummulation of succinic acid in the presence ofmalonic acid could be demonstrated, in contrast to the findings of Barron et al. (1950) and of Lynen (1943) . The experimental conditions were similar to those described by Barron et al. (1950) (see especially Table IV, p. 220) but 0-1 M-phosphoric acid buffer, pH 2-2, consisting of one part of phosphoric acid and two parts of potassium dihydrogen phosphate was used as a medium. The suspension contained 180 mg. fresh yeast in 4 ml. The concentration ofpyruvic acid was Krebs & Eggleston, 1948) . No appreciable quantities of succinic acid were found, whilst succinic acid added to the yeast suspensions and incubated for the same period was almost quantitatively recovered. It is, however, confirmed that under the conditions used by Lynen (1943, Table 8 .
Thirdly, the inhibition by malonic acid is not specific; similar effects are given by oxalic acid, equal concentrations of oxalic and malonic acids being about equally effective. In contrast, yeast succinic dehydrogenase under the conditions specified in Table 4 was not inhibited by O-Olm-oxalate. Fourthly, the inhibition by malonic acid was independent of the concentration of added substrates (succinic, pyruvic or acetic acids) and was thus not competitive.
In view of these findings the malonic acid inhibition of fresh yeast respiration in a strongly acid medium cannot be taken as evidence of a participation of succinic dehydrogenase. The mechanism of this inhibition remains to be elucidated.
It is remarkable that fresh yeast cells show a normal rate of respiration in a medium of pH 2-1. Measurement of the intracellular pH indicates that this was not affected by the acidity of the medium. For the measurement of the intracellular pH the yeast suspension after incubation with pyruvic acid was centrifuged in a plastic centrifuge tube, the supernatant was poured off and the residue washed once in a small volume of water. This was decanted and the tube placed in dry ice, to remove permeability barriers. After thawing, the pH was measured electrometrically in the liquefied material.
A pH value of 5-7 was obtained.
Experiments uith [14C] acetate Isotopic acetate together with non-isotopic succinate, fumarate, malate, or oc-ketoglutarate, was added to yeast cells which had been made permeable to di-and tri-carboxylic acids by cold-treatment. Yeast was transferred from the refrigerator (+2°) to dry ice, washed twice with water and suspended in 24 vol. of 0-1 M-phosphate buffer, pH 6-5. In order to provide sufficient material for the isolation and quantitative determination of intermediates, large conical Warburg vessels of about 120 ml. capacity were used (see Krebs & Eggleston, 1945 Van Slyke & Folch (1940) . Plates of BaCO3were prepared by grinding the BaCO3 with acetone, pouring the resulting suspension quickly on to an aluminium disk fitted with a stainless-steel cylinder and evaporating the acetone by radiation from a lamp placed above the cylinder. The weight of the BaCO3 layer was determined and corrections for selfabsorption were applied in order to obtain the activity at infinite thickness (20 mg. BaCO3/cm.2) using the correction table of Calvin, Heidelberger, Reid, Tolbert & Yankwich (1949) . The counting time was sufficiently long so that the standard error was no greater than 5 %.
cipitated with a solution of HgNO3 (10% (w/v)) in 5%
(v/v) HNOs (Stotz, 1937 Table 9 . It will be seen that both succinate and acetate increased the 02 consumption and that the effects were additive. At the end of the incubation period the contents of the duplicate flasks 4 were combined. The determination of succinate in a 3 ml. sample showed that all added succinate had been oxidized. The remaiing suspension was deproteinized with 5 ml. 15% HPO3, and acetic acid was separated by steam distillation.
The distillate was titrated with standard alkali and evaporated to dryness. The residue was repeatedly extracted with 3 ml. boiling 95 % (v/v) ethanol. The combined extract was evaporated to a small volume and sodium acetate precipitated with ether. The precipitate was centrifuged, dried, dissolved in a little water and acidified to pH 1 with HNO3. 10 % (w/v) AgNO3(1 ml.)wasaddedandthe pHwas adjusted to 5-6 with 0.5 N-ammonia. Silver acetate was centrifuged off, washed three times with a little cold water, once with ethanol, once with ether, and dried in vacuo. The specimen obtained served for the measurement of radioactivity. The results of the radioactivity measurements are shown in Table 9 . The specific activity of the recovered acetate was the same as that of the added acetate showing that no new acetate had been formed. The CO2 formed was radioactive, showing that the acetate removed had been oxidized to C02.
Some of the added succinate was recovered as fumarate and malate, both acids being inactive.
The experiment proves that fumarate and malate cannot have been intermnediates in the oxidation of acetate. Any fumarate and malate that might have arisen from acetate by the di-or tricarboxylic acid cycles would have been radioactive and would have mixed with the fumarate and malate arising from succinate. The recovered fumarate and malate would therefore have been radioactive. The inactivity of the acids cannot have been due to permeability barriers because the substrate arose from succinate within the cells.
As all the added succinate had been removed, a shorter period of incubation was chosen in a second experiment with the same substrates. Because of the shorter incubationperiod, less acetate was added. Details of the experiment are given in Table 10 . The quantitative manometric succinate determination at the end of the incubation showed that about half of the added quantity had been removed. No succinate was found in flasks 1 and 3.
Succinic acid was recovered from the residue of the deproteinized filtrate after the removal of acetic acid by steam distillation. The residue was concentrated in vacuo to 40 ml. and continuously extracted with ether for 90 min. After evaporation of ether the residue was dissolved in 4 ml. hot ethyl acetate. The solution was filtered and the filtrate concentrated to 1 ml. by a current of dry air. The precipitate obtained on chilling was recrystallized twice from ether; m.p. and mixed m.p. 1900.
Whilst the C02 was radioactive the recovered succinate was inactive (Table 10) . Thus succinate cannot have been formed by the oxidation ofacetate.
Simultaneous oxidation of methyl-labelled acetate and 8uccinate. The general procedure was the same as in the preceding experiments. Details are given in Table 11 . It will be seen that 18 % of the added acetate and 78 % of the added succinate were removed. The C02 formed was radioactive, whereas the recovered succinate was inactive. The experiment thus confirms those with carboxyl-labelled acetate.
Simultaneous oxidation of carboxyl-labelled acetate and a-ketoglutarate. Isotope data on an experiment with m-ketoglutarate are shown in Table 12 .
After steam distillation of the deproteinized yeast filtrate the solution containing the non-volatile substances was concentrated in vacuo to about 25 ml. and continuously extracted with ether for 2 hr. The ether was evaporated to dryness, the residue taken up in 2 ml. water, and the oa-ketoglutaric acid semicarbazone precipitated by the addition of solid semicarbazide hydrochloride. After chilling, the crystalline material was centrifuged and recrystaUized three times from hot water; m.p. and mixed m.p. 2000. Formic acid was found to be inactive (Table 13 ). Both the C02 and the acetone derived from the acetoacetate were inactive (Table 14) . (1) normal cells capable of oxidizing acetate and incapable of oxidizing added succinate, this incapacity being due to a permeability barrier; (2) 'damraged' or 'dead' cells incapable of oxidizing acetate and capable of oxidizing added succinate; the prototype of such damaged cells are those heated to 50°and then exposed to dry ice as described earlier in this paper. If this kind of inhomogeneity existed, the oxidation of succinate and acetate in the cold-treated yeast suspension would occur at different sites and the results reported in this paper could not be regarded as evidence against the participation of the dicarboxylic acids in the oxidation of acetate.
Attempts to detect two types of cells by vital staining with methylene blue or triphenyltetrazolium chloride remained inconclusive, but the following two experiments meet the criticism.
In the first experiment the specific activity of intra-and extra-cellular succinic acid after incuba- Table 15 .
About half of the added acetate was removed during incubation. The respiratory C0 was radioactive, but its specific activitywas only about 3 % of that of the acetate. Differences between the specific activities of C02 and acetic acid may be partly due to the high blank respiration which was 77-5 5 % of that of the sample containing acetate. It is also probable that the unlabelled carboxyl carbon of acetate yields C00 more rapidly than the methyl carbon. If acetate were oxidized through the tricarboxylic acid cycle the first two turns of the cycle would yield four unlabelled and no labelled CO0 molecules. Only during the third turn would labelled CO2 begin to appear. Similar relations may hold for other intermediary mechanisms.
The intracellular succinate was highly radioactive, the specific activity being about one-quarter of that of the acetate. This result is in accordance with that ofLynen (1947) who found deuterosuccinate on incubation of baker's yeast with fumarate and deuteroacetate. But the most significant finding was the radioactivity of the extracellular succinic acid which was almost twice that of the respiratory C00 .
It shows that fresh cells are in fact not completely impermeable to succinate and can discharge the substance into the medium. This is also borne out by the increase in the concentration of succinate in the external medium. The differences in the specific activity of the extra-and intra-cellular succinic acid, however, indicate that the permeability is restricted. Before the significance of these results is further considered it should be mentioned that the experiment was repeated with washed cold-treated cells.
The conditions were the same except that the initial succinate concentration was higher and equal to that of acetate. This was necessary because ofthe rapid oxidation of succinate in cold-treated cells; it also favoured the trapping of labelled succinate, The experiment differed from that recorded in Table 11 in respect to pH, temperature and especially a much higher specific activity of the added acetate (6195 counts/min./mg. C) which again favoured the detection of a formation of succinate from acetate. Cells and medium were not separated for the analysis.
The specific activity of the respiratory C02 was found to be 1920 counts/min./mg. C and that of the succinic acid isolated at the end of incubation was 34. This value is well above the limits of error, but it is far too low to justify the conclusion that an appreciable part of the oxidized acetate had passed through the stage of succinate. It should be recalled that if mixing between the succinate formed as an intermediate and that present in the medium is complete the specific activity of succinate must be higher than that of the respiratory C00.
The conclusion may be drawn from these experiments that cold-treated yeast contained no appreciable quantities of 'intact' cells behaving like fresh yeast; otherwise radioactive succinate would have been found under the test conditions. They also show that cold-treatment almost completely destroys the mechanism whereby succinic acid is produced from acetate, whilst that responsible for the oxidation of acetate to CO2 remains.
The second experiment was designed to assess quantitatively the proportion of cells in a dry-icetreated sample which, like fresh cells, possesses a permeability barrier for dicarboxylic acids. It is based on the fact that fresh cells maintain a high concentration of L-malate within the cells when shaken in aqueous media containing no L-malate, whilst 'damaged' cells no longer maintain concentration gradients.
Fresh cells and cold-treated cells (2-5 g.) were vigorously shaken for 15 min. at 100 in 47-5 ml. of water. A measured sample of this suspension (48 ml.) was then quickly icecooled and centrifuged. After decanting, the volume of the supernatant was measured and reduced on a steam bath to about one-quarter. The volume of the sediment was available by difference and the amounts of cells and supernatant in the residue were calculated assuming the specific gravitv to be 1-090. The total residue was diluted with water to a volume of 10 ml. and heated for 15 min. to 100°. Malate was determined in 2-5 ml. samples of this suspension by the method of Nossal (1952) and in the concentrated supernatant.
The results are shown in Table 16 . Fresh cells contained 8-44 ,umoles malate/g. after shaking. The failure to find C2 or C, compounds that fulfil the requirements of intermediates in the oxidation of acetate suggests that acetate, in order to undergo oxidation, must enter some kind of condensation reaction. One of the possibilities which suggests itself, considering the relative stability of acetylcoenzyme A (Lynen & Reichert, 1951) , is the oxidation of acetate in the form of acetylcoenzyme A, the intermediate stages being glycollyl-, glyoxalyl-, oxalyl-and formyl-coenzyme A. That coenzyme A is required for the oxidation of acetate in yeast is suggested by the observation of Novelli & Lipmann (1947) that the rate of oxidation of acetate is reduced in coenzyme A-deficient yeast cells.
Occurrence of the component reactions of the tricarboxylic acid cycle. Qualitatively all the component reactions of the tricarboxylic acid cycle have been shown to occur in yeast cells. The relevant facts may be summarized as follows.
(1) Citric acid can be formed by yeast cells when magnesium or barium acetate is added (Wieland & Sonderhoff, 1932; Virtanen & Sundman, 1942; Weinhouse & Millington, 1947) . Citric acid is formed in extracts from yeast cells when acetate and oxaloacetate are present (Novelli & Lipmann, 1950) .
(2) Citric acid can be converted to a-ketoglutaric acid by preparations of baker's yeast and of pure cultures of Saccharomyces cerevisiae (Foulkes, 1951; Komberg & Pricer, 1951 Lynen (1943) .
(4) Yeast extracts contain fumarase (Jacobsohn, 193 1) and aconitase (Weinhouse & Millington, 1947; Racker, 1950; Foulkes, 1951) .
Thus all the enzyme systems required for the tricarboxylic acid cycle are present in yeast cells, but with the exception of fumarase and aconitase the activities of the enzymes are low in comparison with the rate of acetate oxidation, the slowest reaction being the oxidation of malate to oxaloacetate.
The role of the tricarboxylic acid cycle in yeast cells. If the cycle is not the mechanism by which energy is produced from acetate, but if the enzyme systems responsible for its component reactions nevertheless occur in the cell, the problem of the physiological significance of the cycle presents itself. It is relevant with regard to this problem that in addition to the energy-giving mechanism, there is another major set of chemical changes in rapidly growing organisms, namely, the synthetic processes connected with growth. As far as the turnover of carbon is concerned both types of reactions can be of the same order of magnitude (see Clifton, 1946) . The observation that resting yeast cells accumulate succinate when glucose is available, whilst growing cells do not (Kleinzeller, 1941) and that growing cells, in contrast to resting cells, can utilize added succinate, fumarate and malate at low pH values (Nossal, 1951) (Lominski, Conway, Harper & Rennie, 1947) . These observations may be interBiochem. 1952, 51 preted as indicating that citrate cannot serve as a source of energy but may be used by growing cells for other purposes. The occurrence of the tricarboxylic acid cycle in Esch. coli is also made improbable by simultaneous-oxidation experiments of . These findings suggest the occurrence of the tricarboxylic acid cycle in this organism, but further observations indicate that a second mechanism is concerned with acetate oxidation. The specific activity of the respiratory CO2 was much higher than that of any carbon atom of citrate, oc-ketoglutarate or succinate. This might be explained by one of two assumptions: either the added intermediates were not in equilibrium with the intracellular substances, or there is a second mechanism of acetate oxidation, in which the above intermediates do not take part. Other findings of are in favour of the second alternative. In the presence of an intermediate of the tricarboxylic acid cycle, the acetate recovered at the end of the incubation period had a lower specific activity than the starting material, and when inactive acetate but radioactive intermediates ofthe cycle were added the acetate became active on incubation. Thus the oxidation of the diand tri-carboxylic acids leads to the formation of acetate, which is difficult to reconcile with the tricarboxylic acid cycle, but is expected for the dicarboxylic acid cycle. 'Simultaneous-adaptation' experiments (Stanier, 1947) (1951) indicate that in this organism a-ketoglutarate and the C4 dicarboxylic acids participate equally as intermediates in the oxidation of acetate. This is in agreement with the assumption that here the tricarboxylic acid cycle is the main mechanism of acetate oxidation (see also Saz & Krampitz, 1951) . Neurospora cras8a. A number of mutant strains of Neurospora require succinic acid or related compounds for growth (Lewis, 1948) . Succinate can be replaced by fumarate, glutamate, ca-ketoglutarate, aspartate, malate and to some extent acetate. Lewis (1948) suggests that the results can be interpreted on the assumption that the tricarboxylic acid cycle operates in Neuroapora. But it is necessary to make a second assumption, namely that the cycle can be blocked without producing a lethal effect. This means that Neurospora must be able to obtain energy from reactions other than the tricarboxylic acid cycle and is in agreement with the idea that in Neurospora the cycle is not concerned with energy supply but only with the production of intermediates for synthesis.
Aerobacter agilis. Multiplefunctions of enzymic mechanims That the chemical constituents of living matter may serve multiple purposes has long been recognized; amino-acids, for instance, are not only constituents ofproteins but also precursors ofhormones such as adrenaline and thyroxine. The concept that enzymic mechanisms also might serve more than one purpose is supported by general considerations concerning the evolution of biochemical mechanisms. Examples illustrating this are the mechanisms disposing of surplus ammonia in higher organisms, namely the urea synthesis in mammals and amphibia, and uric acid synthesis in birds and nonchelonian reptiles.
Already at primitive levels of evolution, that of unicellular organisms, enzyme systems synthesizing amino-acids and purine bases are present. The former include a system synthesizing arginine, and according to the genetic studies of Srb & Horowitz (1944) and Volcani & Snell (1948) , ornithine and citrulline are intermediates in the synthesis of arginine in Neurospora and various lactic acid bacteria. The liver of mammals and amphibia utilizes the same type of enzyme systems for the synthesis of urea by coupling it with arginase, which is also present in some micro-organisms. It has been stated that the ornithine cycle occurs in Neurospora but, while it is correct to say that the necessary enzyme systems are present, the statement that the cycle takes place makes little sense from the biological viewpoint, since Neuro8pora does not produce urea as an end product ofnitrogen metabolism. Ammonia is not toxic to Neurospora within wide limits and there is therefore no need for a detoxication ofammonia. Thesituation is more appropriately described by the statement that Neuro8pora is equipped with the basic enzyme systems required for the synthesis of amino-acids as well as with those needed for the hydrolytic breakdown of cell constituents and that the urea-forming system of the mammalian liver has evolved from these basic mechanisms.
As for the evolution of the uric acid-synthesizing system of birds and reptiles, it is of importance that all animals are capable of synthesizing the purine bases which they require for the synthesis of nucleic acids and nucleotides from small organic molecules and ammonium salts. Many, perhaps all, also possess xanthine oxidase which converts purine bases into uric acid and thereby removes surplus purine bases. Birds form uric acid via the purine bases from the same starting materials-glycine, formate, ammonia, carbon dioxide (Sonne, Buchanan & Delluva, 1948; Buchanan, Sonne & Delluva, 1948) -which other phyla (Heinrich & Wilson, 1950; Shemin & Rittenberg, 1947) , and even yeast (Abrams, Hammarsten & Shemin, 1948) , use in the synthesis of nucleic acids. By concentrating the same, or very similar enzymes, to a much higher level of activity at special sites, they can employ them for the disposal of all surplus ammonia.
It is the object ofthese considerations to show that it is not a far-fetched idea to ascribe to the tricarboxylic acid cycle two different functions. Nor are there difficulties in assuming that in some organisms it is the tricarboxylic acid cycle and in others a dicarboxylic acid cycle or still another mechanism which in the course of evolution has developed into the main energy-giving process. Lower organisms which like yeast can grow on acetate as the sole major carbon source are in any case bound to produce a C4 dicarboxylic acid before the tricarboxylic acid cycle could operate. The mechanism by which a 04 acid is formed, possibly a dicarboxylic acid cycle, might well have evolved to become in some species the main energy-producing mechanism. It is also feasible that two mechanisms may occur in the same species side by side, the relative preponderance varying according to environmental conditions. In fact adaptation to new sources of energy may be the adjustment to a second function of a mechanism already present. SUMMARY 1. The properties of baker's yeast made permeable to di-and tri-carboxylic acids by exposure to dry ice are studied. The effects of cooling on permeability were found to depend on the rate of cooling. Gradual cooling to a temperature of dry ice has no major effect. Sudden transfer from 20-40' to dry ice almost completely abolishes the capacity to oxidize acetate whilst it increases that for oxidizing succinate. Transfer from + 20 to dry ice partly preserves the capacity to oxidize acetate, ethanol and glucose. 7. A number of observations are discussed which support the view that in many other microorganisms the reactions of the tricarboxylic acid cycle are primarily concemed with the supply of intermediates, rather than of energy.
